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This research review highlights the use of zinc oxide (ZnO) nanostructure as a photoanode in the 
fabrication of dye-sensitised solar cells (DSSC). ZnO nanostructure thin films offer large surface area, 
direct electron pathways and effective light scattering centre. The fabrication work can produce a variety 
of ZnO nanostructures, from nanotubes, nanoporous, nanosheets, nanoflowers, nanoflakes, nano- 
branches and nanolipsticks. The internal mechanism inside the cell gives useful information on the 
electron transport properties and efficiency of ZnO-based DSSC. The review ends with an outlook 
highlighting the electron transport parameters analysed by electrochemical impedance spectroscopy 
(EIS) unit. Such parameters including charge transport resistance (Ret), transport resistance (R,), chemical 
capacitance (C,,), effective electron lifetime (Teg), effective electron chemical diffusion coefficient (Dey), 
effective rate constant for recombination (Key), effective electron diffusion length of the photoanode (Ln) 
and finite Warburg impedance in the electrolyte (Zp). Monitoring the electron transport properties may 
improve the photovoltaic performances of the ZnO-based DSSC such as open circuit voltage (Vc), short 
circuit current density (Jsc), fill factor (FF) and power conversion efficiency (4). 

© 2013 Elsevier Ltd. All rights reserved. 
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1. Introduction 


energy. The most abundant renewable energy source is solar 
radiation, which provides very high temperature heat that can 


Sunlight provides a clean, renewable and cheap energy source 
for people, while also serving as a primary energy source for 
another type of energy resources, such as water, bio-energy, wind 
energy and fossil fuel. However, the use of fossil fuels has 
contributed to the recent increase in the greenhouse gas effect 
and CO, emissions, as well as global warming. One way to 
overcome these issues is by introducing several types of renewable 
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power up a mechanical engine by converting the radiation into a 
mechanical power and electricity to drive a generator or a 
machine. Solar power can also be directly converted into electri- 
city unit by a photovoltaic (PV) effect. Single-junction crystal solar 
cells or single and multi-crystalline silicon solar cells are the first 
generation of PVs technology. Second-generation PV technologies 
introduced a thin film to reduce the material cost. The current 
third-generation PV technologies incorporate double junctions, 
triple junctions and nanotechnology into solar cell fabrication 
methods [1]. One example of these third-generation technologies 
is dye-sensitized solar cell (DSSC), which provides a low cost 
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method to convert sunlight to electricity. It is also known as a 
photoelectrochemical cell or photoactive electrode based on a 
nanostructured metal-oxide film, such as TiOz, ZnO, SnOz, Nb2Os, 
SrTiO3, CdSe, CdS, Fe203, WO3 and Ta20s5 [2-5]. 

DSSC was firstly introduced by O'Regan and Gratzel in 1991 by 
implementing a TiO nanocrystalline material as photoanode or 
photoelectrode [2]. In general, DSSC consist of five main compo- 
nents: (1) a glass substrate of transparent conductive oxides 
(TCO); (2) a mesoporous semiconductor metal-oxide layer; (3) a 
monolayer of organic dye molecules attached to the surface of the 
nanocrystalline film; (4) a liquid electrolyte containing a redox 
couple iodide/traded that interpenetrates the dye-coated nano- 
particles and (5) a platinum counter electrode [6-8]. The working 
principle of DSSC was reported as different from a conventional 
solar cell, where the light absorption and carrier transportation 
inside the cell occurs separately [6]. An exciton is split into an 
electron and a hole due to the absorption of light. The light is 
absorbed by a ruthenium complexes dye, such as [Ru(4,4’-dicar- 
boxy-2,2’-bipyridine ligand)3] or N719 [8] that is attached to the 
photoanode via a carboxylate element. The TiO, semiconductor 
oxide layer with 10-20 nm diameter nanocrystals are deposited on 
a TCO substrate and annealed at high temperature to form a 
~16 um thick film [9]. As shown in Fig. 1, the absorption of a 
photon by the sensitized/dye, S occurred inside the cell (Eq. (1)). 
Consequently, within femtoseconds, the excited electrons are 
elevated from a molecular ground state, S, to an excited state, 
S* (Eq. (1)). The excited electron is then injected into the conduc- 
tion band (CB) of the semiconductor layer, leaved the dye molecule 
in an oxidized state, S* (Eq. (2)). The electrons disperse into the 
porous semiconductor layer, move to the TCO glass layer and 
external load via a counter electrode (CE). At the counter electrode, 
a redox mediator is reduced to iodide (I~) due to the electron 
transfer in the electrolyte layer (Eq. (3)). The sensitizer will be 
regeneration by the iodide ions which may interrupt the recapture 
of electron by the oxidized dye (Eq. (4)). However, a recombination 
may occur between the injected electrons either with the oxidized 
dye (Eq. (5)) or with the oxidized redox couple at the photoanode 
surface area (Eq. (6)) [8,10-12]. The mechanisms can be summar- 
ized as a complete photovoltaic energy conversion equation [8]: 
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Fig. 1. Principle operation and energy level scheme of the dye-sensitized solar cell [8]. 
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Since the performance of solar cells is measured based upon 
their power conversion efficiency, dye-sensitized solar cells 
(DSSCs) are expected to generate high efficiency at low production 
cost compare to the conventional single-crystal silicon-based. The 
most successful DSSC based on TiO2 photoanode combined with a 
“black dye” tri(cyanato)-2,2’2”-terpyridyl-4,4’4"-tricarboxylate)Ru 
(II) achieved greater efficiency of 10.4% (1.5 AM) [6]. This figure 
then improved to 11.4% in 2012 as achieved by Han et al. [13]. 
Currently, the efficiency has increased to 15% by fabricating a 
perovskite pigment within a nanoporous TiO2. The implementa- 
tion of perovskite was reported as a main reason that improved 
the TiO2-based DSSC [14]. Previous researchers have also reported 
other factors that influenced the solar cell's performance. Lee et al. 
mentioned implementing a wide band gap metal oxide semicon- 
ductors as a photoanode increases the cell's surface area, light 
absorption and dye loading [2]. Furthermore, efficiency and 
stability of the solar cells can be investigated from the kinetic 
parameters of the charge transfer. Moreover, Goncalves et al. 
reported that the efficiency can be increased by reducing the 
number of electrons that recombine with the oxidized species 
from the redox system, monitoring the energy mismatches 
between the dye and the redox species and increasing the electron 
diffusion throughout the semiconductor porous nanostructure 
layer [15]. Consequently, from our point of view, understanding 
the cell's internal mechanism is important to analyze the electron 
transport, diffusion, recombination and generation between the 
photoanode, semi-conductor layer/dye/electrolyte, and counter 
electrode. This analysis can be conducted by developing a trans- 
mission line equivalent circuit model consisting of resistance, 
capacitance and impedance components by using an electro- 
chemical impedance spectroscopy (EIS) unit [16]. A fitting process 
of the equivalent circuit is required to measure and analyze the 
respective electron transport parameters such as charge transport 
resistance (Re), transport resistance (R+), chemical capacitance 
(C„), effective electron lifetime (Teg), effective electron chemical 
diffusion coefficient (Deg), effective rate constant for recombina- 
tion (kef), effective electron diffusion length of the photoanode (L,) 
and finite Warburg impedance in the electrolyte (Zp). Conse- 
quently, we can monitor the photovoltaic performances of the 
DSSCs including open circuit voltage (V,,), short circuit current 
density (Jsc), fill factor (FF) and power conversion efficiency (7) 
[15-25]. Andrade et al. mentioned that the current — voltage (J— V) 
curve estimations and electron transport analysis provide a deeper 
understanding of the internal mechanisms of the DSSC [26]. In this 
review, we would like to highlight the electron transport proper- 
ties in the ZnO-based DSSCs which is quite similar to the TiO2- 
based DSSC. Thus, ZnO needs to have similar photoelectrode 
properties and equivalent electron affinity as TiO, metal oxide 
material to improve the light harvesting efficiency and electron 
injection mechanism inside the cell. 


2. Zinc oxide as a photoanode 


ZnO has been used as a pigment, a protective coating on metal 
surfaces and as a UV-absorbing additive for sunscreen protection, 
cosmetic products [27], plastics and rubber composites [28]. 
Recently, ZnO has also been widely used in high technology 
applications such as in short wavelength opto-electronic devices, 
photonic crystals, photodetectors, photodiodes, photovoltaic, gas 
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sensors, dye-sensitized solar cells, gas sensors [4], light-emitting 
diodes, optical devices [29], photocatalyst [30], surface acoustic 
wave devices [31], UV detectors, field emissions, biosensors, 
photoluminescent materials, anti-bacterial purposes [32] and 
piezoelectric devices [33-36]. Prior to Grdtzel's implementation 
of the first TiO2-based DSSCs in 1991, Gerischer and Tributsch have 
proposed ZnO as an effective choice of photoanode [3]. ZnO with 
wide bandgap energy similar to TiO» (E, ~ 3.37 eV) [37] and higher 
electron mobility compared to TiO2 may overcome higher electron 
recombination in the TiO2-based DSSCs [38,39]. Such recombina- 
tion occurs due to very fast electron injection (femto seconds) 
from a photoexcited dye into the conduction band of TiO. 
Although, the efficiencies of ZnO are still far behind that of TiO 
(lower than 8%) [40], a few studies have been highlighted by 
researchers in this field to improve the power conversion effi- 
ciency of ZnO-based DSSC. Martinson found that ZnO's surface 
morphologies were more amenable to modification compared to 
those of TiOz, which can increase the overall power conversion 
efficiency by increasing the dye loading capacity and decreasing 
the recombination effect inside the cell [41 ]. For example, Liu et al. 
fabricated a variety of ZnO nanostructures, including nanoparti- 
cles, ordered porous, nanorods, nanotubes and porous nanosheets 
[42] to improve the light harvesting, electron transport and power 
conversion efficiency of the cells. Other researchers developed 
other structures such as nanowires [4], nanoflakes [43], nanobelts 
[44], nanoflowers [4,45], nanocombs [46], nanoclusters, nano- 
colloids, nanopowders and self-assembled nanomaterials [47]. 
ZnO nanowires and nanotubes provide a unidirectional conduc- 
tion path for rapid electron transport inside photoanode films [48]. 
The branched ZnO nanowires improved the overall efficiency of 
the solar cell from 0.75% (bare ZnO nanowires) to 1.51%. The 
branched wires' direct conduction pathway and higher dye 
absorption significantly influenced their performance. Fig. 2 shows 
low and high magnification images of the branched ZnO nano- 
wires [48]. 

Moreover, ZnO photoanode has great ability to be synthesized 
at low temperature level with the simple fabrication work of 
chemical bath deposition [49], sol— gel [50], sputtering or electro- 
deposition [28] method. In general, increasing the temperature 
from 20°C to 60°C or to a normal state did not prompt the 
temperature or power conversion efficiency differences. Instead, 
the DSSC became less sensitive to the light incidence angle 
compared with Si-based solar cells [28]. Besides that, ZnO nanor- 
ods can be fabricated at low deposition times as reported by 
Hossain et al. A structure similar to lipsticks appeared in the 
photoanode surface area. However, the growth of the nanolip- 
sticks structures decreased at a longer deposition time. At the final 
stage of their experimental work, the substrate area was fully 
transformed into nanorods structures [51]. On the other hand, Keis 
et al. mentioned that similar electron transport properties of ZnO 


with TiO2 increases its ability to harvest light and becomes as 
efficient as TiO -based DSSCs [52]. It has then become our main 
interest in this recent review to introduce the electron transport 
analysis inside the ZnO-based DSSC. 


3. Electron transport analysis inside the DSSC 


Basic knowledge of electron transfer, internal electrical char- 
acteristic and kinetic movement of the active particles inside the 
ZnO-based DSSC suggests that they are as effective as TiO2 
photoanode [53]. Fig. 3 shows a state diagram of the kinetic 
information of electron transfer, charge transport processes (blue 
arrows) and loss reactions (grey arrows) [54]. The electron injec- 
tion time from the excited dye to the conduction band should 
exceed the excited state decay to the ground within femtosecond 
to picosecond [54,55]. Gratzel et al. reported the electron injection 
rates is very much dependent on the electronic coupling between 
the dye excited-state LUMO orbital and accepting states in the 
photoanode, and relative energies of the state [54]. In addition, 
Ahmed mentioned that the injection rate depends on the particle 
connectivity and morphologies of the thin film [55]. In general, 
fast electron injection dynamics require a strong electronic cou- 
pling of the dye LUMO orbital to the metal oxide CB states and 
sufficient free energy difference. Moreover, dye regeneration 
requires the rate of re-reduction exceed the charge recombination 
of injected electrons (within 1 ms). Efficient charge transport to 
the counter electrode/external circuit then takes up within milli- 
second to second. Faster time constant than charge recombination 
is expected due to electron trapping in the sub-bandgap states. 
Consequently, the main loss mechanisms in the state-of-the-art 
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Fig. 3. State diagram representation of the kinetics of DSSC. Forward processes of 
light absorption, electron injection, dye regeneration and charge transport are 
indicated by blue arrows. The competing loss pathways of excited-state decay to 
ground and electron recombination with dye cations and oxidized redox couple are 
shown in grey arrows [54]. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 


Fig. 2. (a) Low- and, (b) high-magnification FESEM images of the branched ZnO nanowires after second growth; scale bar, 1 um [48]. 
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DSSC device include decay of the dye excited state to ground and 
charge recombination of injected electrons with dye cations and 
with the redox couple. The charge recombination with the dye 
cations occur within a time scale of microsecond to millisecond 
faster than the recombination with the electrolyte (millisecond to 
second) [54]. Martinson reported the kinetic process of electron in 
the DSSC is sensitive to excitation wavelength and dye-loading 
conditions. The situations can be prevented by simultaneously 
accelerating back electron transfer from the photoanode to the dye 


Fig. 4. Impedance spectra of ZnO-based DSSC analyzed by EIS unit [20]. 


a 


or speeding up the charge transport to the external circuit [41]. 
Thus, the kinetic competition between the charge transport and 
recombination has been analyzed in terms of photoanode thick- 
ness, L and its effective electron diffusion length, L, [41,56]: 


l= 4 / De FT off (7) 


where Deg is the effective diffusion coefficient for the electron 
within the photoanode and Ter is the effective electron lifetime 
due to charge recombination with the oxidized dye. Ln should be 
greater than L in order to absorb more incident light. The result is 
high light harvesting efficiency (LHE), good charge collection 
efficiency (e) and both of them influence the increment of 
incident photon-to-current efficiency (IPCE) [41]: 


IPCE = LHE x Din x Ne (8) 


where @;,; is the efficiency of electron injection from the excited 
dye into the semiconductor framework. Therefore, faster electron 
transport is expected where it increases the amount of photo- 
current-density, Js. In the most efficient liquid electrolyte, Ln is 
already greater (at most wavelengths) than L to collect most of the 
incident photons. Therefore, faster electron transport (larger Dep) 
is impossible for faster interception (shorter T„). Furthermore, the 
values of Ln, Deff, Tef and other electron transport parameters can 
further be analyzed from the impedance spectra and equivalent 
circuit model of the DSSC. 


4. Impedance spectra analysis and equivalent circuit model 


Generally, impedance spectra of the DSSCs is recorded under 
one sun (AM 1.5) light intensity. Fig. 4 shows the example of 
impedance spectra of ZnO-based DSSC measured by EIS unit. The 
spectra cover three main regions; high frequency region (1 kHz to 
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Fig. 5. (a) Transmission line equivalent circuit model and (b) equivalent circuit model for fitting process in the GAMRY Model Editor [39]. 


Table 1 
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Photovoltaic and electron transport properties of ZnO-based DSSC determined by electrochemical impedance spectroscopy. 
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ZnO-DSSC Photovoltaic properties Electron transport properties Reference 
Isc (MA/ Voc FF n L @max Rs Ree (Q) Re (Q) Ree C, Zp Teff kef Def Ln 
cm?) (V) (%) (um) (Hz) (Q) (Q) (HF) (ms) (s7!) (cm?s™!) (um) 
Bare NWs 2.37 0.636 0.498 0.75 - - - 9212 363 - - - 26 38.31 6.23e-4 - Cheng et al. [48] 
Branched 4.27 0.675 0.522 1.51 - - - 86.85 3.36 - - - 38 26.31 4.35e-4 - Cheng et al. [48] 
NWs 
Nanocombs 3.14 0.671 0.34 0.68 - - 213 29.6 - - - - - - - - Umar, [46] 
Tetrapod 12.3 06 O65 49 422 - - 1106 948 - - - 13.54 - 1.533e-3 45.57 Chiu et al. [37] 
Short- 10.79 0.66 0.67 4.78 26 28.36 - 18.95 136 - - - 35.26 28.36 2.47e-3 93.32 Lee et al. [60] 
tetrapod 
Long- 8.59 0.63 0.65 3.52 36 108.70 - 15.04 2.21 - - - 9.20 108.70 4.62e-3 65.20 Lee et al. [60] 
tetrapod 
ZnO - - 0.41 - - - - 200- 67- 6.79 - - - - - - He et al. [59] 
10e* 100 
Nanoflakes 6.732 0.533 0.505 1.81 - - - 3.794 1135 - - - 6.36 - 1.7e-3 32.9 Ariyanto et al. [20] 
NRs 414 0.48 045 0.90 - 28.2 - 373.9 - - - - 2.93 - - - Lin et al. [61] 
NPs 6.50 0.56 050 1.80 - - - 101.8 - - - - 0.64 - - - Lin et al. [61] 
NRs/NPs 7.00 0.60 0.52 219 - - - 61.20 - - - - 171 - - - Lin et al. [61] 
ZnO 3.3 0.739 064 16 64 - - - - - - - - - 0.4 - Martinson et al. [23] 
ZnO 1.78 0.22 064 0.25 2.74 600 50.48 3155 118 4.68 7.099 2.542e-? 0.266 3760 0,.0755e~? 0.0201 Omar et al. [39] 
a 
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Fig. 6. Nyquist plot of the 42.2 tetrapod-like DSSC. The empty circles in (a) are the measurement data point, and the solid curve is the fitting result based on the equivalent 
circuit model as shown in (b) [37]. 


100 kHz) due to the charge transfer at the counter electrode, 
intermediate frequency region (1 Hz to 1 kHz) due to the ZnO/dye/ 
electrode interface and low frequency region (0.2 Hz to 0.75 Hz) 


attributed to the diffusion in the redox electrolyte [19,20,57]. The 
spectra have a peak position or middle frequency peak at 25 Hz 
(OF @max=25 Hz). The relationship of @max between Teg and Keg are 
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summarized as [17]: 


1 
@®max = keff = Teff (9) 
where ke represents an effective rate constant for recombination 
of the electron. The electron lifetime inside the porous ZnO 
photoanode can be calculated by using Eq. (10). The value of Deg 
and L, can be calculated accordingly by using Eqs. (11) and (12), 
respectively [17,20,58]. 
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On the other hand, the spectra can further be analyzed and fitted 
by a transmission line equivalent circuit model. Thus, we can obtain 
the exact value of the electron transport parameters such as Tef, Deg 
and L, A few equivalent circuit models have been proposed by 
previous studies of Bisquert, Fabregat-Santiago et al., Wang et al., 
Fabregat-Santiago et al., Martinson et al., Liberatore et al., Goncalves 
et al. and Omar et al. to fit the impedance data. Fig. 5 shows a 
proposed transmission line equivalent circuit model of ZnO and ZnO- 
CNTs based DSSC that has been published in [39]. 

At the low frequency region of the impedance spectra (as in 
Fig. 4), a parallel combination of electron chemical capacitance, C,,, 
with charge-transfer resistance, Re, appeared along the metal 
oxide semiconductor layer. The diffusion effect by redox species, 
Zp also forms as a small spectra/Nyqusit at the lowest frequencies. 
Sometimes the spectra not appears at all. In addition, the diffusion 
of electrons in the photoanode layer can be monitored at high 


—O—L-ZnO 


28.36 Hz —>—$-Zn0 


15 20 25 30 35 40 
ZIQ 
Fig. 7. (a) Equivalent circuit model of short- and long-arms-tetrapod-like ZnO 


prepared by dc plasma technology (b) Nyquist plot for fitting of the electron 
transport parameters [59]. 


frequencies as a Warburg impedance. The spectrum was analyzed 
belongs to the diffusion resistance, R, and chemical capacitance, 
C, at the counter electrode/electrolyte interface (injection of 
electrons in the electrolyte due to reduction of I3~ ionic species 
into I~). The high frequency arc corresponds to the parallel 
combination of counter electrode charge transfer resistance, Rp; 
and Helmholtz capacitance, Cp, The second arc represents the 
recombination resistance, Re and chemical capacitance, C, at the 
metal oxide semiconductor layer/electrolyte interface. Finally, the 
third arc at low frequencies corresponds to the impedance of 
diffusion in the electrolyte layer, R; [19,57]. Consequently, the 
diameter of arc one, two and three also resembles the Rp,, Ret and 
Ra (or Rẹ) element, respectively, while R, belongs to the initial 
displacement of the spectra from the origin. In general, the model 
represents the diffusion of electrons inside the photoanode layer 
and the recombination effect in the electrolyte interface. More- 
over, the equivalent circuit model consists of Rp, and Cp, due to the 
charge-transfer resistance and capacitance at the counter elec- 
trode/electrolyte interface, Ret is the charge-transfer resistance due 
to the recombination of electrons at photoanode/dye/electrolyte 
interface, C, is the chemical capacitance of the electrode, Rs is the 
electron transport resistance from the photoanode, R, is the sheet 
resistance of the transparent conducting oxide (TCO) glass and 
geometry of the cell, Zp is the finite Warburg impedance or 
diffusion of the redox species in the electrolyte, Rro and Crro are 
the charge-transfer resistance and interfacial capacitance due to 
electron recombination and charge accumulation at the FTO/ 
electrolyte interface [39]. Thus, a fitting process estimates various 
electron transport parameters within the ZnO-based DSSC. A few 
examples are highlighted considering the basic electron transport 
parameters studied from the TiO-based DSSCs. The parameters 
are listed in Table 1 as analyzed by electrochemical impedance 
spectroscopy (EIS) unit. 

Chiu et al. implemented the EIS analysis to analyze the electron 
transport inside the photoanode, electrolyte and platinum counter 
electrode. Fig. 6 shows a Nyquist plot (or impedance spectra) and 
equivalent circuit model for the tetrapod-like ZnO-based DSSC 
sensitized with D149 dye [37]. The cell parameters, such as the 
charge-transfer recombination resistance (Rx), steady-state trans- 
port resistance (Ry), electron lifetime (Tn), effective electron 
diffusion coefficient (Deg) and film thickness (L,), have been 
measured accordingly. Their photovoltaic properties were greatly 
affected by the thickness of the tetrapod-like ZnO photoanode. The 
optimized thickness of 42.2 um with power conversion efficiency, 
N=4.9% Def = 1.533 x 107°? cm? s~! and L,=46 pm were estimated 
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Fig. 8. Electrochemical impedance spectra of the DSSCs with ZNRs, ZNPs and ZNRs/ 
ZNPs [61]. 
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Fig. 9. Equivalent circuit where the impedance spectra are fitted as idealized photoanode schematic [23]. 


from the EIS unit [37]. He et al. also observed the electron 
transport and recombination inside the ZnO nanorod-based DSSCs 
by EIS unit. The Warburg feature of electron transport in the 
nanorod structures was detected in a high frequency region 
(Fig. 7). Meanwhile, a constant illumination source reduced the 
charge transfer resistance, Re (from 10 kQ to 200 Q) and increased 
the transport resistance, R; (from 67 Q to 100 Q). Theoretically, R; and 
R should be low and high, respectively. However, in this case, the 
values of R, and Ry were found as no dependence upon the 
illumination effect. They even did not highlighted the relationship 
between electron transport parameters and photovoltaic performance 
[59]. Moreover, Lee et al. reported short (S)- and long (L)-arms of 
tetrapod-like ZnO where S-tetrapod structure shows good photovol- 
taic performance [60]. The power conversion efficiency, n of 4.78% was 
measured with J,.=10.79mAcm”, V,-=0.66V and FF=0.67 
(Table 1). Consequently, the impedance spectra analysis estimated 
the peak frequency, @max at 28.36 Hz with longer electron lifetime, 
Teff= 35.26 ms but low diffusion coefficient, Deg=2.47 x 107? cm? s~! 
compared to the L-tetrapod-like ZnO. Low Deg was found as a factor 
that hinders the solar cell performance. 

Furthermore, Lin et al. fitted a very simple equivalent circuit or 
Randle's circuit to fit the electron transport parameters (as in 
Fig. 8). Their work focused on fabricating three different ZnO 
nanostructures such as nanorods (NRs), nanoparticles (NPs) and a 
combination of NRs/NPs. ZnO NRs-based DSSC generated very low 
power conversion efficiency, 7 of 0.90%. A composition of ZnO NRs/ 
NPs achieved the highest 7 of 2.19%. NRs was reported provide 1-D 
electron transfer pathways between the NPs layer and the sub- 
strate. The structures also enhance the light harvesting efficiency 
compared to the ZnO NRs-based DSSC [61]. Although the electron 
lifetime of NRs (Teff=2.93 ms) was estimated as longer than the 
electron lifetime of NRs/NPs (teg=1.71 ms), greater Re has inhib- 
ited the electron transfer into photoanode layer. Table 1 lists the 
Re value of NRs, NPs and NRs/NPs. However, the fitting process did 
not estimate the Deg and L,. In addition, Martinson et al. also 
proposed a very simple equivalent circuit model of ZnO-based 
DSSC without considering the Zp element (refer to Fig. 9) [23]. The 
analysis measured very high diffusion of electron in the photo- 
anode layer, Deg=0.4 cm? s~! which is greater than any ZnO DSSC 
photoanodes presented in the current report. However, this effect 
did not influence the power conversion efficiency or total photo- 
current density of the cell. The traps inside the photoanode has 
limited the electron movement and not reached the Fermi level. 
They even categorized the analysis as a preliminary work and still 
need further improvement in measuring the Deg. Consequently, a 
recent report by Omar et al. showed very short electron lifetime, 
Teff=0.266 ms and short L, compared to the photoanode thickness 
(In«L) [39]. Higher value of R; compared to Re also influenced the 
electron recombination effect inside the cell where R, was mea- 
sured about three times greater than Re (Ra<«R;). The higher 
recombination effect has reduced the diffusion of electron into the 
photoanode layer; Deg=0.0755x10-*cm?s~'. It is very 


important to obtain higher Re where it allows the carriers to be 
accumulated in the capacitive element or chemical capacitance, C, 
of the cell. Bisquert et al. reported C, is also associated with the 
rise of the Fermi level of the photoanode [62]. In this case, the 
estimation of C, was about 7.099 F as presented in Table 1.The 
amount of Re and C, greatly influenced the output power of the 
solar cell where low Re and C, reduced the power conversion 


efficiency, 7 to 0.25%. 


5. Conclusion 


In summary, the unique properties of ZnO photoanode and ease 
of fabrication make this material applicable for various applica- 
tions. However, the future of ZnO-based DSSC still depends on 
increasing the power conversion efficiency by boosting the light 
harvesting efficiency inside the solar cell, suggesting new materi- 
als to develop the photoanode, dye sensitizer, electrolyte and 
monitoring the energy loss in the cell due to the charge recombi- 
nation effect, electron trapping and optical reflection [63]. More- 
over, suggesting a core-shell structure of ZnO with TiO, [64] or a 
combination of ZnO with carbon nanotubes (CNTs) [65] or 
graphene [66] are other alternatives to gain better efficiency. 
However, there is still a challenge to fabricate the hybrid struc- 
tures as a suitable photoanode with high porosity and good 
surface structure. From the author's point of view, investigating 
the electron diffusion inside the cell and reducing the transport 
resistance, R+ provide a good alternative to investigate the perfor- 
mance of ZnO photoanode. Although, the analysis of electron 
transport properties and impedance spectra of DSSC was highly 
focused on reducing the recombination resistance, Res the recom- 
bination effect is unavoidable in the DSSC's mechanism. In addi- 
tion, Ry is also known as an intrinsic component of the 
photophysical process where its influence the solar cell's perfor- 
mance. Nevertheless, a strong recombination must be avoided to 
make sure the solar cell is not in a failure state due to no injection 
of electrons into the metal-oxide semiconductor. Moreover, redu- 
cing the surface recombination is also a critical factor in generating 
high power conversion efficiency [62]. 
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